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In t roduc t ion  

Spawned p r imar i ly  by t h e  space  indus t ry ,  
is a r e l a t i v e l y  new technique t o  the  p r a c t i c i n g  spec t roscop i s t .  
d i f f e r s  from spectrophotometry i n  t w o  major areas. 
r a d i a t i o n  is not d i spersed  i n t o  monochromatic f requencies  bu t  r a t h e r  t h e  r a d i a t i o n  
is modulated by means of a v i b r a t i n g  mir ror .  
a n  in te r fe rogram t h a t  i n  i t s e l f  does not  g ive  very  much information. However i f  
the in te r fe rogram is f e d  i n t o  a wave ana lyzer ,  s p e c t r a l  information can b e  ex t rac ted .  
Another d i f f e rence  between spectrophotometry and in te r fe rometry  is i n  t h e  phys ica l  
form of t h e  en t rance  ape r tu re .  
narrow slits, j u s t  a few t en ths  of a m i l l i m e t e r  wide. I n  an i n t e r f e romete r  t he  
energy e n t e r s  through a window over a n  inch  i n  diameter.  Consequently, t he  amount 
of energy ava i l ab le  t o  t h e  d e t e c t o r  of an in t e r f e romete r  i s  o rde r s  of magnitude 
g r e a t e r  than t h a t  a v a i l a b l e  t o  t h e  d e t e c t o r  of a spectrophotometer.  

i n f r a r e d  in te r fe rometry  

F i r s t ,  i n  in te r fe rometry  t h e  
In te r fe rometry  

The modulation process r e s u l t s  i n  

I n  a spectrophotometer t h e  energy e n t e r s  through 

These d i f f e r e n c e s  g ive  rise t o  t h e  main advantage of an  in t e r f e romete r ,  
s e n s i t i v i t y .  A secondary advantage is scanning speed. A comple te  in te r fe rogram 
can be recorded i n  a l i t t l e  over a t e n t h  of a second although more t y p i c a l  scanning 
speeds are i n  the  o rde r  of second. 

These c h a r a c t e r i s t i c s  make the  in t e r f e romete r  f i r s t  choice  f o r  anyone 
i n t e r e s t e d  i n  i n f r a r e d  emission.(2) 
spectroscopy are t h a t  samples can be scanned " in  s i t u "  wi th  no need of d i s tu rb ing  
t h e  sample. This a b i l i t y  could save  cons iderable  sample handling i n  a process-control 
type of ana lys i s  o r  make a n a l y s i s  of hazardous materials more f e a s i b l e .  In f r a red  
emission spectroscopy is completely non-destructive t o  the  sample and could be  used 
i n  t h e  ana lys i s  of such th ings  as va luab le  o i l  pa in t ings .  In te r fe rometry  can a l s o  
be used t o  analyze samples too  b i g  f o r  convent iona l  spectrophotometers;  f o r  example, 
our atmosphere i n  a i r  p o l l u t i o n  s t u d i e s .  And i t  can be  used t o  ana lyze  samples too 
smal l ;  f o r  example, p e s t i c i d e  r e s idue  on p l a n t  growth. 

Some of t h e  p o s s i b i l i t i e s  of  i n f r a r e d  emission 

Experiment a1 

The h e a r t  of t h e  in t e r f e romete r  is t h e  o p t i c a l  head. The head is f a i r l y  
sma l l ,  about 3 x 6 x 7 inches  and is r e a d i l y  po r t ab le .  The head is  connected t o  
the  c o n t r o l  panel by a ten-foot cable .  The a p e r t u r e  is 1-1/4 inches  i n  diameter 
and has a f i e l d  of v i e w  of e igh teen  degrees .  No s p e c i a l  o p t i c s  are requi red  t o  ge t  
t he  sample's r a d i a t i o n  t o  e n t e r  t h e  o p t i c a l  head; you simply po in t  t h e  a p e r t u r e  a t  
t h e  sample. Unwanted r a d i a t i o n  from material i n  t h e  f i e l d  of view can be masked 
ou t  wi th  aluminum f o i l .  The f o i l  be ing  very r e f l e c t i v e  has e s s e n t i a l l y  zero 
emis s iv i ty  . 

The head is  a l s o  r e a d i l y  adapted t o  a mirror-type te lescope  making it 
p o s s i b l e  t o  analyze samples a t  a remote d i s t ance .  
analyzed from stacks up t o  one-half m i l e  away.(3) 

Smoke has been r epor t ed ly  

Figure 1 i s  a diagram of t h e  o p t i c a l  head. The in t e r f e romete r  is of t he  
Radia t ion  i n c i d e n t  on t h e  window passes  i n t o  t h e  o p t i c a l  head and Michelson type. 

s t r i k e s  the  beam d iv ide r .  Here t h e  r a d i a t i o n  is s p l i t  i n t o  two beams; one beam 
t r a v e l i n g  t o  a s t a t i o n a r y  mi r ro r  and r e tu rn ing  and the  o t h e r  beam t r a v e l i n g  t o  a 
v i b r a t i n g  mirror and r e tu rn ing .  
and are r e f l e c t e d  t o  t h e  d e t e c t o r ,  a t h e m i s t e r  bolometer. Some energy i s  l o s t  exit- 
ing  out  through the  en t r ance  ape r tu re .  

Upon reaching  the  beam d iv ide r ,  t h e  two beams u n i t e  
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The Pos i t i on  of t h e  v i b r a t i n g  mir ror  when both  beams have t h e  same 
path  length  is c a l l e d  t h e  ze ro  pos i t i on .  

a t  t h e  d e t e c t o r  in-phase g iv ing  a maximum s i g n a l .  
i n  e i t h e r  d i r e c t i o n  from i t s  ze ro  p o s i t i o n  t h e  r e l a t i v e  p a t h  lengths  of t h e  two beams w i l l  

Consider f o r  the  moment t h a t  t h e  incoming 
r a d i a t i o n  is monochromatic. A t  t h e  mi r ro r ' s  zero p o s i t i o n ,  a l l  waves w i l l  a r r i v e  i 

A s  t h e  mi r ro r  moves i n f i n i t e s i m a l l y  

change and a l l  the  waves w i l l  n o t  a r r i v e  a t  t h e  d e t e c t o r  in-phase. Des t ruc t ive  
c a n c e l l a t i o n  w i l l  r e s u l t  and t h e  d e t e c t o r ' s  ou tput  w i l l  be diminished. 
mi r ro r  has  moved 1 / 4  wavelength away from the  zero  p o s i t i o n  the  t o t a l  pa th  d i f f e rence  
w i l l  be 112 wavelength, and complete cance l l a t ion  of t he  beam w i l l  r e s u l t  giving a 
minimum output  from t h e  d e t e c t o r .  A s  t h e  mir ror  cont inues  t o  move away, the  s i g n a l  
w i l l  start t o  inc rease  u n t i l  a t  mir ror  p o s i t i o n  1 / 2  wavelength away from zero 
p o s i t i o n ,  t h e  r e t a r d a t i o n  w i l l  b e  one f u l l  wavelength and a l l  waves w i l l  be in-phase 
aga in .  The de tec to r  ou tput  a t  t h i s  po in t  w i l l  be a maximum equal t o  the  f i r s t  
maximum. A s  t h e  mir ror  cont inues  t o  travel maxima a r e  reached every even qua r t e r  
wavelength from t h e  zero p o s i t i o n  and minima a r e  reached every odd q u a r t e r  wavelength. 
The continuous output then i s  a s i n e  wave. The frequency of t h i s  s i n e  wave is  
r e l a t e d  t o  the  monochromatic i npu t  r a d i a t i o n  by t h e  equat ion:  

When the  

f = L/T x 1 / A  

Where L is the  l eng th  of the  mi r ro r ' s  r e p e t i t i v e  t r a v e l  i n  microns and T 
is t h e  time i n  seconds. Lambda is  i n  microns. For most of our work L is 500 microns 
and T is one second. Thus, 2 micron r a d i a t i o n  would g ive  r i s e  t o  a 250 cyc le s / sec  
audio  s i n e  wave. 
wave. Hence, a l l  t he  f r equenc ie s  i n  the  in te r fe rogram of r a d i a t i o n  between 2 t o  16 
microns can be found i n  t h e  audio  range below 250 cyc le s / sec .  The length  of the 
m i r r o r ' s  pa th  a l s o  determines the re so lu t ion  of t h e  in t e r f e romete r .  Th longer the  
pa th  length  the  b e t t e r  t h e  r e s o l u t i o n .  
r e c i p r o c a l  of t h e  pa th  l eng th .  

A wavelength o f  16  microns would r e s u l t  i n  a 31 cyc le s / sec  s i n e  

Our normal r e s o l u t i o n  i s  20 cm-', the  

Figure 2 shows t h e  sawtooth na tu re  of t h e  m i r r o r ' s  t r a v e l  and t h e  r e su l t i ng  
in te r fe rograms.  Note t h a t  t h e  r e t u r n  t i m e  f o r  t h e  mir ror  i s  very s h o r t  and t h a t  the 
mi r ro r ' s  t r a v e l  is very  l i n e a r .  
l i g h t .  

The in te r fe rograms shown are not  of monochromatic 

To v i s u a l i z e  what happens when polychromatic r a d i a t i o n  e n t e r s  t h e  i n t e r -  
fe rometer  is a l i t t l e  more d i f f i c u l t .  A t  t he  m i r r o r ' s  ze ro  p o s i t i o n ,  a l l  t he  f r e -  
quencies w i l l  still  be in-phase and a maximum output  of t h e  d e t e c t o r  w i l l  be obtained. 
However, as the  mir ror  moves away from t h e  ze ro  p o s i t i o n  d e s t r u c t i v e  c a n c e l l a t i o n  
occurs  diminishing the output  b u t  no t  i n  the  r e g u l a r  f a sh ion  of a s i n e  wave. The 
r e s u l t  is a very sharp peak a t  t h e  m i r r o r ' s  ze ro  p o s i t i o n  wi th  h igh ly  damped s i d e  
bands. 

One of t he  major drawbacks t o  in t e r f e romet ry  i s  t h a t  i t  i s  impossible t o  
recognize  a spectrwn from t h e  in te r fe rogram;  t h e  in te r fe rogram must be f i l t e r e d  t o  
o b t a i n  t h e  spectrum. The f i l t e r i n g  may be  done i n  several w a y s .  The in te r fe rogram 
can be  f e d  r e p e t i t i v e l y  i n t o  a v a r i a b l e  f i l t e r  o r  wave ana lyze r .  The wave ana lyzer  
is set  f o r  t h e  f i r s t  audio  frequency and a s i g n a l  is recorded t h a t  is p ropor t iona l  
t o  t h e  amount of t h a t  frequency p resen t  i n  the  in te r fe rogram.  The wave ana lyzer  is 
au tomat i ca l ly  advanced t o  t h e  nex t  audio frequency and its s i g n a l  recorded. A s  t h i s  
process  is continued t h e  spectrum is recorded. 

A l t e rna t ive ly  t h e  in te r fe rogram may be  mathematically f i l t e r e d  by means 
of t h e  Four i e r  t ransformat ion .  The equation f o r  t h i s  t ransformat ion  is: 

' G(")= /I:, cos2vnxdx 
0 

, 
r 

c 
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where G(") is  t h e  i n t e n s i t y  of  t h e  spectrum 

I ( x )  is  t h e  i n t e n s i t y  of  t h e  in te r fe rogram 

v i s  t h e  frequency i n  wave numbers 

x is t h e  pa th  d i f f e r e n c e  i n  an 

A r a t h e r  novel way of f i l t e r i n g  the in te r fe rogram is t o  t r a n s f e r  the d a t a  
t o  a photographic f i l m  and p l a c e  i t  i n  a laser beam. 
o p t i c a l l y  perform t h e  Four ie r  t ransformat ion  and t h e  image recorded on another  p iece  
of f i lm.  

Resul t s  

Lenses can then b e  used t o  

Figures 3a and 3b show a comparison between an absorp t ion  spectrum as 
recorded by a spectrophotometer  and an emission spectrum der ived  from an interferogram. 
The s p e c t r a  are very s i m i l a r  b u t  no t  i d e n t i c a l .  
r e s o l u t i o n  and relative i n t e n s i t i e s .  

The d i f f e r e n c e s  are pr imar i ly  i n  

The e f f e c t  of temperature  on t h e  emission spectrum of beta-hydroxyethyl 
a c e t a t e  is  shown i n  Figure 4. The spectrum is of course  more i n t e n s e  a t  t h e  higher  
temperature b u t  o therwise  they are very s imi la r .  The carbonyl  band near  1700 an-' 
is  r e l a t i v e l y  more i n t e n s e  i n  t h e  h o t t e r  spectrum and th i s  is  c o n s i s t e n t  w i t h  t h e  
Boltzmann d i s t r i b u t i o n  g iv ing  t h e  h igher  energy levels a g r e a t e r  populat ion i n  the  
h o t t e r  sample. 
aluminum f o i l  and then allowed t o  d r a i n .  The t h i n  f i l m  t h a t  remained on t h e  f o i l  
w a s  s u f f i c i e n t  t o  g i v e  t h e  observed r e s u l t s .  The f o i l  was  hea ted  by conduction. 

To o b t a i n  t h e s e  s p e c t r a ,  t h e  acetate w a s  poured onto  a p i e c e  of 

One of t h e  major problems of i n f r a r e d  emission spectroscopy is shown i n  
Figure 5. The s u b j e c t  is t h e  emission spectrum of "Saran". The bottom spectrum 
is  of one s i n g l e  l a y e r  of "Saran" and shows good band s t r u c t u r e .  
four  l a y e r s  of "Saran" a l l  of t h e  band s t r u c t u r e  between 800 and 1500 cm-I  completely 
disappeared and w e  have recorded e s s e n t i a l l y  t h e  spectrum of a b l a c k  body. 
phenomenon is a t t r i b u t e d  t o  se l f -absorp t ion .  

However, w i t h  

This  

Interferograms of samples which have a temperature  w i t h i n  a few degrees  

, t o  o b t a i n  a s a t i s f a c t o r y  spectrum.(') 

of the  d e t e c t o r ' s  temperature  are very  noisy because of t h e  l o w  s i g n a l  l e v e l .  I n  
\ these  cases, it is necessary t o  t i m  average o r  co-add several hundred in te r fe rograms 

Conclusion 

An i n f r a r e d  i n t e r f e r o m e t e r  covering t h e  reg ion  2-16 microns i s  seen  as a 
p o t e n t i a l  t o o l  f o r  t h e  p r a c t i c a l  s p e c t r o s c o p i s t .  
a p p l i c a b i l i t y  of t h e  more convent iona l  i n f r a r e d  techniques b u t  i t s  unique c h a r a c t e r i s t i c s  
of high s e n s i t i v i t y ,  r a p i d  scanning,  and p o r t a b i l i t y  w i l l  c e r t a i n l y  b e  used t o  so lve  
s p e c i f i c  problems t h a t  would b e  otherwise d i f f i c u l t  i f  n o t  impossible  t o  solve. 

It does not  have t h e  u n i v e r s a l  

L. C.  Block and A. S. Zachor, Appl. Optics  2, 209 (1964). 

M. J .  D. Low and I. Coleman, Spectrochimica Acta 22, 369 (1966). 

( 3 )  Chemical and Engineering N e w s  45, No. 7, 54 (1967). 
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F i g u r e  3a .  and  3 b .  INFRARED SPECTRA OF "KRYLON" 
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